Adsorption and assembly of colloidal particles at the surface of liquid droplets are at the base of particle-stabilized emulsions and templating. Here we report that electrohydrodynamic and electro-rheological effects in leaky-dielectric liquid drops can be used to structure and dynamically control colloidal particle assemblies at drop surfaces, including electric-fieldassisted convective assembly of jammed colloidal 'ribbons', electro-rheological colloidal chains confined to a two-dimensional surface and spinning colloidal domains on that surface.
C olloidal particles can bind strongly to fluid interfaces and assemble into thin layers. Monodisperse colloidal beads can form two-dimensional (2D) ordered colloidal crystal monolayers [1] [2] [3] , and poly-disperse and anisotropic particles form amorphous shells [4] [5] [6] . This effect is currently much studied in relation to particle-stabilized 'Pickering' emulsions [7] [8] [9] where particle coatings on droplets effectively prevent droplet coalescence and produce very stable surfactant-free emulsions. Emulsions are ideal templates for producing particles and capsules 10 . Solid colloidal capsules, colloidosomes, can be produced by fusing or linking colloidal particles at the surface of Pickering emulsions droplets 11 .
Particle-stabilized emulsions and their use as templates for making colloidal structures have a vast range of applications, notably in food processing 12 , biomedicine 13, 14 and petroleum industry 15 . It is increasingly realized that the colloidal-coated particles can have a role that goes beyond mere encapsulation: colloidal particle surface properties and volume can respond to temperature and solvent changes, colloidal particles can also be manipulated by external fields and act as catalyst to chemical reactions. This opens up for new possibilities for the use and control of emulsions and colloidal capsules: controlled release, with possible applications to drug delivery, has been achieved from pH-responsive colloidal capsules 16 , and pH-responsive particles have been shown to act as reversible on/off emulsifiers for Pickering emulsions 17 . Emulsions stabilized by paramagnetic colloidal beads have been shown to undergo controlled phase separation in response to magnetic fields 18 . Solid particles can also stabilize water-oil emulsions and simultaneously catalyse biomass refining reactions at the liquid interfaces 19 .
Droplet-based templating 10 include, for example, production of colloidosome capsules 11 or new porous structures 20 . Controlled production of anisotropic colloidosomes, either in shape or surface material composition, will likely have an important role in the development of colloidosome materials technology. Non-spherical droplets have been produced from double-emulsion templates or by 'arrested' droplet coalescence 21, 22 , and Janus colloidal shells, composed of two different colloidal hemispheres, can be produced by targeted delivery of colloidal particles in a microfluidics setup 23 .
Although electric fields are commonly used for emulsion breaking, there appears to be few studies of Pickering droplets subjected to electric fields. It has been shown that particles adsorbed on droplets can be manipulated by AC electric fields by dielectrophoresis (DEP) effects [24] [25] [26] , and electric fields can also be used to remove particles from droplet surfaces due to droplet breakup and tip streaming 27 .
Here, we wish to bring to attention the possibilities offered by electric fields for assembly and manipulation of colloidal armour on liquid droplets. We demonstrate a new route of colloidal surface self-assembly in a simple setup including electrohydrodynamic (EHD) circulation flows in leaky-dielectric drops. Oilin-oil emulsion droplets in electric fields have been extensively studied, and constitute a classic example of electric field-induced hydrodynamic flow, as described by the Taylor-Melcher leakydielectrics model 28, 29 . Here, we show that colloidal particles are carried by EHD convective flow, concentrating the particles in a dense packed colloidal ribbon on the drop surface. This is reminiscent of the 'coffee-ring' effect, which is owing to colloidal particles carried by capillary convective flow in an evaporating droplet 30 . In addition, we show that colloidal ribbons, once assembled, can be dynamically modulated by tuning the electric field strength, provided the colloidal particles are polarizable and can form dipolar chain structures on the drop surface. To our knowledge, this is the first realization of a Winslow electrorheological type system 31, 32 confined to a 2D surface.
Results

Colloidal clay ribbons.
A millimeter-sized clay-silicone (1 wt% clay) drop is immersed in castor oil, see Fig. 1 The drop is immersed in castor oil. The arrows and crosses indicate the direction of the E-field. The four upper panels (a-d) are viewed perpendicular to the E-field direction, while the four lower panels (e-h) are viewed along the E-field direction. (a,e) Show the situation before the electric field is turned on, and (b-d) and (f-h) after a DC electric field is applied. Hydrodynamic circulation flows are observed in the drop, and in a few minutes clay particles are concentrated in a ribbon-shaped film on the drop surface.
perpendicular to the applied electric field, whereas the bottom row is in the direction of the field (as seen through transparent electrodes). A DC electric field of strength 150 Vmm À1 is applied across the cell. Circulation flows can be seen inside the drop immediately after application of the electric field. A ribbonshaped film builds up at the drop surface in less than a minute, and in about 4 min the drop becomes transparent in the direction of the field, indicating that clay particles have migrated to the surface ribbon. After the initial assembly dynamics, a steady state exists with a stable ribbon. The film is disordered, containing small aggregates of clay particles. The boundary of the ribbon is sharp, suggesting that the clay particles are closely packed or cohesive. Once adsorbed, the clay particles seem to be bound irreversibly to the interface: turning off the electric field only results in slow disruption of the ribbon, but the clay particles still remain on the surface of the drop. At slightly higher field strengths, the steady-state ribbon clearly contains dipolar electrorheological chain structures, see Fig. 2 . The formation of the ribbon must involve two processes: (1) transport of clay particles from the drop bulk to the drop interface and (2) assembly of the ribbon film on the drop interface. It is well documented that colloidal particles adhere strongly to oil-water interfaces. For example, clay particles are known to absorb strongly at oil/water interfaces and produce stable emulsions 9 . This is generally attributed to capillary binding: a particle at the interface is trapped in a capillary barrier with a substantial energy cost of moving to either side of the liquid interface 7 . The typical surface tension between water and many oils is g o2w % 30 À 40 mNm À1 , and the resulting binding energy of micron-sized particles at oil-water interfaces is very high compared with thermal energies, 7 DEB10 3 k B T. The surface tension between castor oil and silicone oil is 33 g o-o E4.5 mNm À1 , an order of magnitude lower than oil-water tension, but the capillary binding energy is still likely to be very high compared with thermal energies, explaining the strong affinity of clay to the castor/silicone oil interface.
The width of the ribbon depends on the initial clay concentration in the drop: for an electric field of 200 Vmm À1 and clay concentration 1.5 wt% the ribbon almost covers the drop, while for 0.5 wt% the ribbon is narrow (see the Supporting Information). Assuming that the majority of clay particles have migrated into the ribbon, we may estimate the average thickness of the clay ribbon: The density ratio of clay and oil is B1.5-2, and 1.5 wt% is equivalent to B1% by volume of clay. In the case where the clay completely covers the drop surface, the thickness of the film is d ¼ cr/3, where c is the initial volume percentage of clay inside the drop and r the drop radius. For a mm-sized drop with 1.5 wt%, this would give a shell thickness of dB3 mm, which is in the same size range as the fluorohectorite (Fh) clay particles used here, suggesting that the film is composed of just a few layers of clay particles.
The timescale for a clay particle of size bBmm to diffuse 1 mm in 100 cSt silicone oil is roughly tB10 3 days, and therefore hydrodynamic flow, sedimentation or electric forces are required to transport clay particles to the drop surface at the timescales reported above.
In an emulsion formed by two leaky-dielectric liquids, such as two oils, free charge accumulation can result in a Maxwell electric stress that sets up liquid circulation flows inside and outside the drops 28, 29 . When the drop is less conducting than the surrounding liquid (such as silicone drop in castor oil), the circulation flow is directed towards the drop equator, as shown in Fig. 3a . We have observed the flow, both outside and inside the drop. Tracing paths were made by following one polyethylene (PE) particle inside and a few beads outside the drop, see Fig. 3b . If the drop is more conductive than the surrounding liquid, then the flow is reversed, and also significantly weaker. For a silicone drop in castor oil, the Taylor model 28 predicts that the induced velocity at the surface is v y $ ree 0 E 2 Zẽ e and directed to the drop equator (see Methods). The timescale to convect a particle towards the equator is $ r v y , which in a field of 150 Vmm À1 gives a timescale of tB7 s (see Methods). This shows that Taylor flow is sufficiently strong to induce the ribbon formation during the measured timescale. The process is likely slowed down by the presence of clay particles, as they modify both the electric field around the drop and the EHD flow. The increased conductivity of the drop owing the clay film will reduce the free charge buildup and therefore also reduce the induced hydrodynamic flow.
It has previously been observed that large colloidal particles adsorbed at droplet interfaces can migrate to the 'equator' or the 'poles' of the droplet when subject to an AC field 24, 26 owing to DEP of particles on the droplet surface: polarizable colloidal particles are subject to forces in non-uniform fields at the droplet surface, the force being proportional to the gradient of the square of the field strength. This effect should also contribute in our case, as clay is polarizable, and should therefore be attracted towards stronger electric fields at the droplet equator. We have previously shown that suspended clay particles are significantly more conductive than oil 34 , and therefore can be considered as conductors when subject to a DC field. The force on a spherical ARTICLE particle of radius b in an inhomogeneous DC electric field is
where ee 0 is the dielectric constant of the fluid medium, s p and s m are the conductivities of the colloidal particle and the fluid medium, respectively 35 . This expression for F DEP is valid provided that the size of the polarized particle is small compared with the length scale of the nonuniformity of the electric field. This is justified in the present case because the inhomogeneity of the electric field is given by the drop size, which is of the order of 1 mm, and the size of the clay colloidal particle is in the range of 1-10 mm. As in the present case s p 4 4s m and
Balancing the hydrodynamic drag BZb and the dielectrophoretic force thus gives a dielectrophoretic velocity of the order v DEP $ F DEP Zb . The ratio of the EHD and dielectrophoretic velocities is
r 2 o o1, meaning that dielectrophoretic effects are not significant here. This we have verified experimentally by using non-polarizable particles, for which we observed ribbon formation on similar timescales as for clay, see Supplementary  Fig. S1 .
The Maxwell-Wagner charge relaxation time for the silicone in castor oil system is t MW E1 s. Taylor EHD flow will therefore be suppressed at AC frequencies much larger than 1 Hz (ref. 29) . This is consistent with our observation that for clay-oil drops in AC fields, we only obtain ribbon formation at very low frequencies (0.1 Hz), and the ring gradually becomes wider as the frequency is increased.
Although EHD flow accounts for the stability of the ribbon once formed, it does not directly explain the migration of clay to the interface. It is not evident that the flow can direct particles from the bulk to the surface, as the flow component normal to the surface vanishes. Thus, particles carried by Taylor-Melcher circulation streamlines will approach the drop surface, but they eventually turn before adsorbing. In (refs 23,36) it was observed that efficient colloidal assembly on droplets by hydrodynamic flow requires finite Reynolds number flow, that is, inertial effects. As clay forms dipolar chains on the drop surface, see Fig. 2 , there must be significant electric field-induced short-range dipole interactions between the particles, suggesting that clay near the drop surface could simply be attracted to the clay that is already trapped. Another contributing mechanism could be charge uptake on clay particles, which could drive them in the electric field to directly hit the surface and adsorb. For drops only subjected to high-frequency AC field, we do not observe migration of clay particles towards the drop surface, the particles rather appear to form chains inside the drop. In this case, the dipole interactions alone are not sufficient to direct clay to the surface, suggesting that DC-induced EHD convection and clay particle dipole interactions work together to enhance the rate of clay adsorption to the drop interface.
The clay film can be considered as a 2D electro-rheological fluid with dipolar chain formation, see Fig. 2 . The tangential component of electric surface field in particle-free oil drops is E t ¼ 3s=ðs þ 2sÞE sin ðyÞ. The conductivity of castor oil is much higher than silicone oil, hence the field at the equator (y ¼ p 2 ) is E t % 3 2 E. In 3D bulk suspension, we have previously observed clay chain formation above EB350 Vmm À1 (refs 32,34); if we assume similar dynamics in 2D, one expect to see chain formation at droplet surface for applied field of roughly EB230 Vmm À1 , in fair agreement with the observations. At field strengths below 250 Vmm À1 , we observe axisymmetric clay ribbon formation, either thin or thick ribbons, depending on the initial clay concentration. However, at increased field strengths the drop response depends on clay concentration.
At lower clay concentration (0.5 wt%), increasing the field strength induces an instability of the ribbon, it breaks up into several counter-rotating colloidal assemblies (shown in Fig. 4 and Supplementary Movie 1). Particles that are less conducting than their surrounding liquid can spin in DC electric fields, known as Quincke rotation 37 . In the present case, clay is more conducting than the surrounding liquid, and we therefore exclude Quincke rotation as the mechanism here. However, our observations are in line with previous work showing that conducting particles in bulk can assemble and form counter-rotating vortices 38 .
At higher clay concentrations, the ribbon width increases when the electric field is increased, as shown in Fig. 5 . This is opposite to what can be expected within the Taylor-Melcher model for a particle-free pure oil drop where the EHD flow increases with field strength, which should result in increased compression of the ring and not stretching. We have previously observed that Fh chain formation in silicone oil gives non-ohmic response and strongly enhanced conductivity 34 , and in the present case, this should diminish the charge buildup on the drop, and thereby suppress the EHD flow. A similar effect is seen in the drop deformation: At high fields and high clay concentrations, the drop deformation can change from oblate to prolate as shown in Fig. 5 , indicating that the EHD Taylor flow is suppressed or reversed 28 .
Clay pupil. The above observations suggest that such colloidal films can be actively controlled by electric fields. As a simple illustration of this, we have performed experiments in which we switch between two different field strengths, one that induces a narrow ribbon formation, and a higher field that actively stretches the ribbon and covers the drop, see Fig. 6 . Seen through the electrodes, this has the appearance of an expanding and contracting 'pupil'. The fact that the film rapidly covers the surface at higher field strength cannot be attributed to clay wetting dynamics at the interface (Marangoni), as turning the field off does not lead to rapid coating. There must therefore be an electrically induced force that actively stretches the film armour. The clay itself will modify the electric field, as clay is more conductive than both oils. Thus, there will be free charge accumulation at the edge of the ribbon, and the electric field acting on these charges could induce electro-stretching of the film. A drop fully covered with dense colloidal armour of conducting colloidal particles can be considered as a Faraday cage screening the internal electric field 23 , and hence removing the necessary conditions for Taylor-Melcher flow.
A complete understanding should take into account the electrohydrodynamic response of the combined colloidal clay- oil systems, including the non-ohmic conductivity of the clay film. For example, for pure particle-free drops the type of axisymmetric deformation is not field dependent, and is either always prolate or oblate depending on the relative dielectric constant and conductivity of the two liquids 29 . A pure silicone oil drop in castor oil is oblate; however, with clay particles present, we observe that the drops can switch to prolate deformation as the field strength is increased, as illustrated in Fig. 5 . This is consistent with the clay film having a non-ohmic response. In pure drops, it is the Maxwell-Wagner times that decide whether a drop is oblate or prolate, whereas with clay the charge accumulation is dependent on field strength, making it possible to switch from oblate to prolate as the conductivity increases. For higher clay concentrations (above about 2 wt%), the drop surface seems to be covered by a clay armour, and asymmetric drop stretching occurs. We observe breakup at field strength of 400 Vmm À1 and above, in contrast to pure silicone oil drops that are only weakly deformed at such field strengths.
To investigate the robustness of the clay pupil effect, we performed equivalent experiments on several different types of clay (Supplementary Table S1 ). It was found that four clay samples exhibited the pupil effect. The presence of pupil effect correlates with high clay conductivity, supporting the hypothesis that the pupil closing is related to conductive dipolar clay chains short-circuiting the drop.
Insulating colloidal beads. Clay particles are more conductive than silicone oil. We therefore also investigated electrically insulating beads, with dielectric constant similar to that of silicone oil, and thus practically unpolarizable in the present experiments (for example, polystyrene or PE). Therefore, there should be no noticeable dipole interactions between the insulating beads in our case, and also the conductivity of the drop should not be enhanced. Nevertheless, we observe insulating colloidal ribbon formation, on a similar timescale as for clay particles (Supplementary Fig. S2 ). However, in most of the experiments with insulating beads, many beads continue to move around inside the drop, and only after applying the DC field for significantly longer times all the beads will go to the surface. This supports the idea that electric forces or sedimentation aid the clay particle to absorb on the drop interface, as discussed above. As for the clay particles, at higher fields we observe breakup of the colloidal ribbon into several small rotating domains ( Supplementary Fig. S3 and Supplementary Movie 2), similar to the dynamics observed in clay ribbons at lower concentration, see Fig. 4 . Both for the polystyrene and PE beads, we observe that the domain rotation frequency at 300 Vmm À1 is of order of However, with higher clay concentrations the behaviour is qualitatively different: at low field strengths the drop is oblate, but as the field strength increases the drop deformation reverses from oblate to prolate (D40). This behaviour coincides with the nonlinear electric response of clay particles, at high field strengths clay form increasingly longer conductive dipolar chains that effectively can short-circuit the silicone drop. The three images at the bottom show how a drop with clay concentration in the medium to high regime (that is, 1-1.5 wt%) deforms reversibly as the electric field strength is increased and decreased. The drop radius is about 1 mm. The E-field direction is horizontal in the plane of the panels, as indicated by the arrows. 
In the range 200-270 Vmm À1 there is ribbon deformation and the domains are not clearly defined. At even lower fields, that is, below 200 Vmm À1 , the ribbon is static. The rotation frequency does not appear to follow the E 2 behaviour of the Taylor-Melcher model, suggesting that this may be a different kind of flow instability. With insulating particles, we always observe oblate drop deformation, suggesting that it is the conductive properties of clay that induces prolate deformations.
We have also performed additional experiments with 20 Â smaller polystyrene beads and we observed that the time it takes for beads to adsorb onto the drop surface is noticeably longer than for larger beads. We attribute this to the role of sedimentation in aiding the Taylor-Melchor flow in the process of bringing particles onto drop surfaces.
Conducting colloidal beads. To emulate the conductive properties of clay on drop surfaces, we also performed experiments with conductive silver-coated beads inside silicone drops immersed in castor oil. The beads are rapidly transported to the drop surface where they form chains; see Fig. 7 , similar to the clay particle case shown in Supplementary Fig. S4 . We also observe a very similar transition from oblate to prolate deformation. With sufficient number of beads to form long chains spanning the drop, the drop takes a prolate deformation, see Fig. 7a . This indicates that the increased conductivity suppress TaylorMelcher flow associated with oblate deformation. With fewer beads, the drop is oblate, see Fig. 7b .
We have also investigated the role of the sedimentation in the process of bringing colloidal particles to the drop surface by conducting experiments with heavy silver-coated glass particles and we see that the sedimentation is significantly faster than that of lighter polymer beads investigated above. It can be seen that even in the case that almost all conductive particles sediment to the bottom of the drop, they self-organize themselves into chain structures spanning the entire drop surface, as shown in Supplementary Movie 4.
Discussion
We have shown that electric fields can induce structural assembly of colloidal armour on oil drops, including 'equatorial' ribbons and 'longitudinal' dipolar chains. Electrohydrodynamic circulation flows inside the drop and dipole interaction between particles can account for the observations. The armour width can be actively controlled by the strength of the electric field and we have shown that this effect is intimately linked to the magnitude of polarizability contrast between particles and the drop oil and colloidal particle conductivity (Supplementary Table S1 ). Thus in the present experiments, the 'pupil effect' can only be observed with the clay particles, as our insulating beads only form equatorial ribbons, and metallic-coated particles only form chain-like structures. This is illustrated in Fig. 8 , where we observe a drop covered simultaneously with insulating beads and metallic-coated glass beads. It would be interesting to extend this study to mixtures of different particles, which could lead to more advanced electrically controlled self-assembled surface structures. Solidification of these structures can be induced by UV light or heating to produce anisotropic functional colloidosomes 11 . The method we have demonstrated here is easily transportable to microfluidic devices that include use of electric fields 39 . Soft matter is characterized by being easily deformable by external fields or forces. The observed electro-stretching of the clay armour on drops is an example of 2D soft matter. To our knowledge, this is the first realization of a Winslow electrorheological type system 31, 32 confined to a 2D surface. In 3D space, it is well established that electro-rheological chains often attract and form large bundles 40 . In our case, we did not observe bundling on drop surfaces, rather the chains repel each other, and are regularly spaced in a stable configuration.
It should be possible to design other 'soft capsules' that respond to external fields. We believe that the results presented here can lead to new methods for assembly of colloidal particles on drops leading to advanced emulsion and template-based design. It is possible to mass produce various colloidal shells (ribbons, pupils, and so on) and this is shown in Supplementary Fig. S5 E=250 Vmm -1 Figure 8 | Silicone oil drop covered simultaneously with PE beads and metallic-coated glass beads. The applied electric field strength is 250 Vmm À 1 . The E-field direction is horizontal in the plane of the panels, as indicated by the arrow. The PE beads only form equatorial ribbons, and the metallic-coated particles only form chain-like structures. The dynamic 'pupil effect' observed for clay particles (see Fig. 6 ) cannot be realized for any of these cases in the present experiments. The drop radius is about 1 mm.
respect to the direction of electric field (a); whereas the opening and closing of pupils for multiple droplets are shown in (b) and (c), respectively. At very high droplet numbers, the mass production is hampered by droplet coalescence.
Methods
Sample cell. The experiments are performed in a square glass cuvette (10 Â 10 Â 30 mm 3 ), in which two sides are made of transparent ITO (indium tin oxide) electrodes, allowing observation of drops both parallel and perpendicular to the applied electric field. In all images, the direction of gravity is downward.
Oils. The cell is filled with castor oil (Sigma-Aldrich 83912, specific density of 0.961 gcm À3 at 25°C, electric conductivity 45 pSm À1 , relative permittivity 4.7 and viscosity 1000 cSt). Silicone drops (Down Corning 200/100 cSt, Prod 630074A, specific density of 0.97 gcm À3 , electric conductivity B3-5 pSm À1 , relative permittivity 2.1) containing colloidal particles are put into the castor oil using a pipette. Other colloidal particles. Silicone drops with colloidal beads are also studied: Fluorescent PE beads (UVPMS-BY2 45-53 mm) and conductive silver-coated glass beads (SLGMS-AG 45-53 mm) were purchased from Cospheric LLC; polystyrene beads (Dynoseeds CS40 and CS2) of diameter 40 and 2 mm were purchased from Microbeads.
Preparation of colloidal dispersions. Silicone oil and clay powders are measured by weight and stirred together followed by ultrasonic bath to avoid aggregation of clay particles.
Timescale for colloidal ribbon formation. The characteristic timescale for the EHD surface convection of particls can be estimated from the Taylor-Melcher model: the surrounding liquid (castor oil) has electric conductivity s, dielectric constant e and viscosity, and for the drop (silicone oil) the corresponding values arẽ s,ẽ andZ. The flow velocity is conveniently expressed in terms of the ratios 28 :
In this notation, the EHD flow velocity at the drop boundary is 28 : where r is the drop radius, y the polar angle and E the electric field strength. Neglecting any drag on the particle, that is, assuming it follows the flow, the time required to convect a surface-adsorbed particle to the ring is t $ r=v y . For castor oil and silicone oil, the timescale is: t $ 1:
For example, for a field strength of E ¼ 100 Vmm À1 , the corresponding timescale is tB17s, which compares well with the experiments on PE particles, whereas in a field E ¼ 200 Vmm À1 , the timescale is tB4s (see also Supplementary  Fig. S6 and Supplementary Fig. S7 ). These values are approximate and valid in the dilute limit. For higher colloidal concentration and as the ribbon becomes wider (see Supplementary Fig. S8 ), the EHD flow is reduced.
AC electric fields. According to the Taylor model, EHD flow in a drop is generated by surface eletrostatic stress due to buildup of free charges at the drop surface. If the AC field has a period much shorter than the Maxwell-Wagner relaxation time, there will essentially be no buildup of free charges. The MaxwellWagner charge relaxation time of a drop (sphere) is t MW ¼ 2E þẼ 2s þs E 0 , where E and s are the dielectric constant and electric conductivity of the surrounding liquid (castor oil) andẼ ands that of the drop, taking the known values for castor and silicone oil gives t MW % 1s. The presence of particles will of course modify the effective conductivity and dielectric constant, but roughly the EHD flow should be absent for AC frequencies much larger than 1 Hz, and for frequencies much lower than 1 Hz one expects EHD flow with the same direction as in a DC field (the EHD is independent of the direction of the electric field), but oscillating between zero flow and a maximum flow rate at the peak of the AC field. In Supplementary Fig. S9 , we show experiments of the same drop, first in 50 Hz, 1 Hz, then 0.1 Hz and field amplitude of 100 Vmm À1 . Ring formation is only seen in the 0.1 Hz, supporting the hypothesis that ring formation is driven by EHD flow.
